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PHOSPHOROUS CONTAINING
BENZOXAZINE-BASED MONOMER,
POLYMER THEREOFK, ELECTRODE FOR
FUEL CELL INCLUDING THE SAME,
ELECTROLYTE MEMBRANE FOR FUEL

CELL INCLUDING THE SAME, AND FUEL
CELL EMPLOYING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 2007-92145, filed on Sep. 11, 2007, 1n the Korean
Intellectual Property Office, the disclosure of which is incor-
porated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Aspects of the present invention relate to a phosphorous
containing benzoxazine-based monomer, a polymer thereof,
an electrode for a fuel cell including the same, an electrolyte
membrane for a fuel cell including the same, and a fuel cell
employing the same.

2. Description of the Related Art

Fuel cells using a polymer electrolyte membrane as an
clectrolyte, which operate at a relatively low temperature and
can be minmiaturized, are regarded as an alternative power
source for automobiles and for residential distributed power
generation systems. A known polymer electrolyte membrane
used i polymer electrolyte membrane fuel cells 1s a pertluo-
rocarbonsulionic acid polymer represented by Nafion™.

However, these polymer electrolyte membranes typically
must be hydrated to retain proton conductivity. In addition, a
tuel cell system typically operates at 100° C. or higher 1n
order to improve the system efficiency. However, the electro-
lyte membrane may not function well as a solid electrolyte at
such a high temperature since moisture evaporates from the
clectrolyte membrane.

A non-hydrated electrolyte membrane that can be operated
at 100° C. or higher has been developed 1n order to overcome
these problems. For example, polybenzimidazole doped with
phosphoric acid as a material used to form a non-hydrated
clectrolyte membrane 1s disclosed 1n U.S. Pat. No. 5,525,436.

In addition, 1n fuel cells using a perfluorocarbonsulionic
acid polymer membrane which operates at a low-tempera-
ture, an electrode having hydrophobicity by being mixed with
water-repellent polytetrafluoroethylene (PTFE) 1s used in
order to improve gas diffusion, since gas 1s blocked by water
generated 1n a cathode (Japanese Patent Laid-Open Publica-
tion No. he1 05-283082).

Phosphoric acid fuel cells that operate at a high tempera-
ture (150-200° C.) use phosphoric acid 1n a liqguid state as an
clectrolyte. However, a large amount of the liquid state phos-
phoric acid 1n an electrolyte inhibits gas diffusion within the
clectrode. Thus, an electrode catalyst layer that prevents
pores of the electrode from being blocked by the phosphoric
acid by mixing the electrode catalyst with polytetratluoroet-
hylene (PTFE) having water repellency has been used.

In fuel cells applying polybenzimidazole (PBI) retaining
phosphoric acid, which 1s a high-temperature non-hydrated
clectrolyte, to an electrolyte membrane, attempts to impreg-
nate an electrode with a liquid state phosphoric acid have
been made and attempts to increase the loading amount of a
metal catalyst have been made in order to facilitate interface
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contact between the electrode and the membrane. These
attempts, however, did not sufficiently improve characteris-
tics of the fuel cells.

When air 1s supplied to a cathode, aging takes about a week
even 1f an electrode composition 1s optimized 1n a solid poly-
mer electrolyte membrane doped with phosphoric acid.
Although a fuel cell can have improved efficiency and aging
time can be decreased by replacing air with oxygen, use of
oxygen 1s not desirable for commercialization. Furthermore,
an electrolyte membrane prepared using a homopolymer of
PBI does not have suilicient mechanical properties, chemical
stability, and capacity of phosphoric acid at a high tempera-
ture.

SUMMARY OF THE INVENTION

Aspects of the present invention provide a phosphorous
containing benzoxazine-based monomer having excellent
thermal resistance and high phosphoric acid resistance, a
polymer thereof, an electrode for a fuel cell including the
same, an electrolyte membrane for a fuel cell including the
same, and a fuel cell employing the same.

According to an embodiment of the present invention,
there 1s provided a phosphorous containing benzoxazine-
based monomer represented by Formula 1 below.

Formula 1
O
|
R, P R,
O
= \‘
\ ﬁ
O N
~
~ R;

wherein R, and R, are each independently a C1-C20 alkyl
group, a C1-C20 alkoxy group, a C6-C20 aryl group, a
C6-C20 aryloxy group or a group represented by the formula
below,

wherein R, 1s a hydrogen atom, a C1-C20 alkyl group, a
C1-C20 alkoxy group, a C6-C20 aryl group, a C6-C20 ary-
loxy group, a halogenated C6-C20 aryl group, a halogenated

C6-C20 aryloxy group, a C1-C20 heteroaryl group, a C1-C20
heteroaryloxy group, a halogenated C1-C20 heteroaryl

group, a halogenated C1-C20 heteroaryloxy group, a C4-C20

cycloalkyl group, a halogenated C4-C20 cycloalkyl group, a
C1-C20 heterocyclic group or a halogenated C1-C20 hetero-

cyclic group.
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According to another embodiment of the present invention,
there 1s provided a polymer that 1s a polymerization product

of a phosphorous containing benzoxazine-based monomer
represented by Formula 1, above, or a polymerization product
of a phosphorous containing benzoxazine-based monomer
represented by Formula 1, above, and a crosslinkable com-
pound.

According to another embodiment of the present invention,
there 1s provided an electrode for a fuel cell comprising the
polymer that 1s a polymernization product of a phosphorous
containing benzoxazine-based monomer represented by For-
mula 1, above, or a polymerization product of a phosphorous
containing benzoxazine-based monomer represented by For-
mula 1, above, and a crosslinkable compound, and a catalyst.

According to another embodiment of the present invention,
there 1s provided an electrolyte membrane for a fuel cell
comprising a crosslinked product that 1s a polymerization
product of the phosphorous containing benzoxazine-based
monomer represented by Formula 1, above, or a polymeriza-
tion product of the phosphorous contaiming benzoxazine-
based monomer represented by Formula 1, above, and a
crosslinkable compound.

According to another embodiment of the present invention,
there 1s provided a fuel cell including the electrode described
above.

According to another embodiment of the present invention,
there 1s provided a fuel cell including the electrolyte mem-
brane described above.

Additional aspects and/or advantages of the invention will
be set forth 1n part 1 the description which follows and, in
part, will be obvious from the description, or may be learned
by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects and advantages of the invention
will become apparent and more readily appreciated from the
tollowing description of the embodiments, taken 1n conjunc-
tion with the accompanying drawings of which:

FIG. 1 shows results of thermogravimetric analyses (TGA)
of tPPO-34DFA and dPPO-3AP respectively prepared
according to Synthesis Examples 1 and 2 and t-BuPh-a pre-
pared according to Reference Example 1;

FIG. 2 shows voltage changes with time 1n fuel cells pre-
pared according to Example 2 and Comparative Example 1;

FIG. 3 shows cell potential changes according to current
density 1n a fuel cell prepared according to Example 2;

FIG. 4 shows a nuclear magnetic resonance (NMR) spec-
trum of tPPO-34DFA prepared according to Synthesis
Example 1;

FIG. 5 shows a NMR spectrum of dPPO-3AP represented
by Formula 10 prepared according to Synthesis Example 2;

FIG. 6 shows a NMR spectrum of t-BuPh-a prepared
according to Reference Example 1;

FI1G. 7 1s a graph illustrating the results of thermogravimet-
ric analyses of t-PPO-a, d-PPO-4FA, a polymer of m-PPO-
2AP and polybenzimidazole, and a polymer of t-PPO-a and
polybenzimidazole;

FIG. 8 1s a graph 1illustrating conductivity with respect to
temperature of electrolyte membranes prepared in Examples
5 to 7 and a polybenzimidazole electrolyte membrane;

FIGS. 91to 12 are graphs illustrating voltage with respect to
current density of tuel cells prepared 1n Examples 5 to 8;

FI1G. 13 1s a graph illustrating cell voltage over time of a
tuel cell prepared 1n Example 3;

FI1G. 14 15 a graph 1llustrating accelerated lifetime charac-
teristics of a fuel cell prepared in Example 5;
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FIG. 15 1s a graph illustrating accelerated lifetime charac-
teristics of a fuel cell prepared using a PBI electrolyte mem-
brane;

FIG. 16 1s a graph 1llustrating voltage with respect to cur-
rent density of tuel cells prepared in Example 9 and Com-
parative Examples 2; and

FIG. 17 1s a graph 1llustrating a solid nuclear magnetic
resonance (NMR) spectrum of a polymer of t-PPO-a repre-

sented by Formula 12 and PBI.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1l

Reference will now be made in detail to the present
embodiments of the present invention, examples of which are
illustrated 1n the accompanying drawings, wherein like ret-
erence numerals refer to the like elements throughout. The
embodiments are described below in order to explain the
present invention by referring to the figures.

A phosphorous containing benzoxazine-based monomer
according to an embodiment of the present invention 1s rep-
resented by Formula 1 below.

Formula 1
I
R P R5
QO
/ ‘
\ \‘
O N
\/ \RS

wherein R, and R, are each independently a C1-C20 alkyl
group, a C1-C20 alkoxy group, a C6-C20 aryl group, a
C6-C20 aryloxy group or a group represented by the formula

below,
i
Z
O

N
\/ \"‘R3

wherein R, 1s a hydrogen atom, a C1-C20 alkyl group, a
C1-C20 alkoxy group, a C6-C20 aryl group, a C6-C20 ary-
loxy group, a halogenated C6-C20 aryl group, a halogenated
C6-C20 aryloxy group, a C1-C20 heteroaryl group, a C1-C20
heteroaryloxy group, a halogenated C1-C20 heteroaryl
group, a halogenated C1-C20 heteroaryloxy group, a C4-C20
cycloalkyl group, a halogenated C4-C20 cycloalkyl group, a
C1-C20 heterocyclic group or a halogenated C1-C20 hetero-
cyclic group.

The phosphorous containing benzoxazine-based monomer
according to another embodiment of the present invention
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may be at least one compound selected from the group con-
s1sting of compounds represented by Formulae 2 to 4.

6

-continued

N— —N

Qj
; /_\/

| <\_/@>

7 NR3

_

A
<% ) \‘ ’ \_/

2

Z, O
g

wheremn R, 1s a C1-C10 alkyl group, a C1-C10 alkoxy group,
a C6-C10 aryl group or a C6-C10 aryloxy group, and

Formula 4
I
R40 P OR5
=z ‘
N
O\/ N ™~

wherein R, and R; are a C6-C10 aryl group,

R, of Formulae 2 to 4 is selected from the groups repre-
sented by the formulae below.
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In Formulae 2 to 4, when R, 1s a phenyl group substituted
with fluorine, since phosphorus functionality 1s introduced
into a fluorine containing benzoxazine-based system, the
phosphorous containing benzoxazine-based monomer can
have excellent oxygen permeability, thermal resistance and
phosphoric acid resistance, which are advantages of a fluorine
containing polymer. Since the compound has a similar struc-
ture to phosphoric acid, compatibility can be increased in
interfaces of gaseous state (fuel gas or oxidizing gas }—Iliquid
state (phosphoric acid)—solid state (catalyst).

The compound of Formula 3 may be a compound repre-
sented by Formulae S or 6.

Formula 5

/
‘ N
\
\/ R3
Formula 6
R3
\

Oy

CH,CH,CHj3;

\
R3

Here, R; of Formulae 5 and 6 1s selected from the groups
represented by the formulae below.

-0 -0 <0
_ _/
-0~ =0
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-continued

N — . F
00 X

— _<\? . ‘ é&

Formula 8

N
15 I
OVN I3
The compound represented by Formula 4 may be a com-
pound represented by Formula 7. F
20 Formula 9
b la 7
0 __ OTITILa -_____,.N
O—P—0O \ / \
— 25 N
/ ‘ < O
|
N \ N 0—P—0—C%:0>
N
O\/ N"\ R, 30 N\
/N
___,..-"""'

R, may be selected from the groups represented by the ;s
formulae below.

Formula 10

_ VA . .
~ )X <X ) vt

50 b

DA Sy

=
_ N— \
\/\N_<\:/> 60 \\

As specific, non-limiting examples, the phosphorous con-
taining benzoxazine-based monomer may be selected from g5
the group consisting of compounds represented by Formulae F

3 to 14.
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-continued
Formula 12

@

BT ASE
)

O
o™

Formula 13

Formula 14

Since the phosphorous containing benzoxazine-based
monomer according to an embodiment of the present inven-
tion has excellent thermal resistance, high phosphoric acid
resistance and a similar structure to phosphoric acid, and

hydrophobicity of an electrode can be controlled by the
monomer, compatibility can be increased in interfaces of
gaseous state (fuel gas or oxidizing gas)—Iliquid state (phos-
phoric acid)—solid state (catalyst).

When the polymer prepared by polymerizing the phospho-
rous containing benzoxazine-based monomer 1s used in the
formation of an electrode for a fuel cell, oxygen permeability
can be improved even when air 1s used 1n a cathode, and the
wettability of phosphoric acid (H,PO,) to the electrode and
thermal stability can also be improved. Accordingly, fuel cells
employing such an electrode and electrolyte membrane can
operate at a high temperature with no humidity, and can have
improved thermal stability and high power generation eifi-
ciency.

Hereinafter, a method of preparing a phosphorous contain-
ing benzoxazine-based monomer represented by Formula 1
according to an embodiment of the present invention will be
described. For example, compounds represented by Formu-
lae 2, 5-7 are described, but 1t 1s to be understood that other
compounds can be synthesized 1n a similar manner.
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Referring to Reaction Scheme 1 below, phosphorous con-
taining benzoxazine-based monomers represented by Formu-
lae 2, 5-7 can be prepared by heating a mixture of a phospho-
rous containing phenol-based compound, an amine
compound and p-formaldehyde, with or without a solvent,
refluxing the mixture, and performing a work-up process of
the resultant.

Reaction Scheme 1
Formula 2
I
H04<C>>70_ P—OA<C>>7OH

() +
OH

6CH>O + 3H,NR3 ——

R3
\
N—\
( I
04<Q>70—P—O O O
O >
N
\
R3
O N
N R,
Formula 5
I
)\ '
4CH>O + 2H,NR3; ———
R3

O

(O
- @

~0
-0~

R3
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-continued -continued
Formula 6 4CH,O + 2H,NR3; —
O
HO O—P—0 OH 5 N
O - O {
|
/\ O O O—P—0O < O
O -
\/ N
ACH,O + 2H,NRy — 7
3
N/R3
o / 1 Here, R of Reaction Scheme 1 1s selected from the groups
[ > represented by the formulae below as defined 1n Formulae 2,
o—<Q> O—P o—<Q>70 5-7.
O
<N / 20
/

¢ /Q\ _ _ o
O o0
OO | |

P AN
1 C 00
OO

O ~
Y

O\/N.\ It a solvent 1s used, 1.4-dioxane, chloroform, dichlo-

R3 romethane, THF, or the like can be used as the solvent. The

Formula / heating temperature may be in the range of 50 to 90° C. or

O 50 more specifically, about 80° C. and can be adjusted to a

| temperature at which the solvent can be refluxed.
HO O—P—0 OH o
+ The phosphorous containing phenol-based compound
used 1n Reaction Scheme 1 can be prepared by using 4-ben-
zyloxyphenol and phosphoryl chloride through a protection

>> reaction and deprotection reaction using esterification and
hydrogenation as shown 1n Reaction Scheme 2.
Reaction Scheme 2
| {) O A\ >
Cl—P—Cl + 3 —
‘ Pyrine
Cl reflux

Dry CHCI3
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-continued
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The esterification can be performed under retlux condi-
tions 1n the presence of a base such as pyridine and triethy-
lamine as shown 1n Reaction Scheme 1, but the esterification
conditions are not limited thereto.

The hydrogenation 1s performed at room temperature (20-
25° C.) 1 the presence of hydrogen and a catalyst such as
Pd/C as shown 1n Reaction Scheme 1, but the hydrogenation
conditions are not limited thereto.

According to an embodiment of the present invention there
1s also provided a polymer of a phosphorous containing ben-
zoxazine-based monomer formed by polymerizing the phos-
phorous contaiming benzoxazine-based monomer repre-
sented by Formula 1.

The polymer can be prepared by dissolving the benzox-
azine-based monomer 1n a solvent and polymerizing the solu-
tion through heat-treatment. The heat-treatment may be car-
ried out in the range of 180 to 230° C. When the heat-
treatment temperature 1s less than 180° C., the reactivity of
the polymerization may be decreased. On the other hand,
when the temperature 1s higher than 2350° C., byproducts
generated from side reactions may decrease the yields of
products. A polymerization catalyst can be used, 11 desired.

The solvent may be N-methylpyrrolidone (NMP), dim-
ethyl acetamide (DMACc), or the like, and the amount of the
solvent may be in the range of 0.05 to 65 parts by weight
based on 100 parts by weight of benzoxazine-based mono-
mer. If the amount of the solvent 1s less than 0.05 parts by
weight, stiffness of the membrane may not be sufficient. On
the other hand, 11 the amount of the solvent 1s greater than 65
parts by weight, membrane forming propertiecs may be
decreased. In addition, aspects of the present invention also
provide a polymer of phosphorous contaiming benzoxazine-
based monomer prepared by polymerizing a phosphorous
containing benzoxazine-based monomer represented by For-
mula 1 and a crosslinkable compound.

The crosslinkable compound may be at least one of poly-
benzimidazole (PBI), a polybenzimidazole-base complex,
polybenzthiazole, polybenzoxazole and polyimide, but is not
limited thereto.

The amount of the crosslinkable compound may be 1n the
range of 5 to 95 parts by weight based on 100 parts by weight
ol the benzoxazine-based monomer represented by Formula
1.

Examples of the alkyl group are a methyl group, an ethyl
group, a propyl group, an 1sobutyl group, a sec-butyl group, a
pentyl group, an 1so-amyl group, and a hexyl group. At least
one of the hydrogen atoms of the alkyl group can be substi-
tuted with a halogen atom, a C1-C20 alkyl group substituted
with a halogen atom (e.g.: CCF,, CHCF,, CH,F and CCl,), a
hydroxyl group, a nitro group, a cyano group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereot, a sulfonic acid group or a salt
thereol, a phosphoric acid or a salt thereot, a C1-C20 alkyl
group, a C2-C20 alkenyl group, a C2-C20 alkynyl group, a
C1-C20 heteroalkyl group, a C6-C20 aryl group, a C6-C20
arylalkyl group, a C6-C20 heteroaryl group or a C6-C20
heteroarylalkyl group.

Examples of the alkoxy group are a methoxy group, an
cthoxy group, and a propoxy group. At least one of hydrogen
atoms 1n the alkoxy group can be substituted with one of the
functional groups described above with respect to the alkyl
group.

The term “aryl group” as used herein indicates a carbocy-
clic aromatic system having 6-20 carbon atoms and at least
one ring. The rings can be attached to each other or pendantly
tused with each other. The term “aryl” includes an aromatic
radical such as phenyl, naphthyl, and tetrahydronaphthyl. The
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aryl group may be substituted with a haloalkylene group, a
nitro group, a cyano group, an alkoxy group, or a short chain
alkylamino group. In addition, at least one of hydrogen atoms
in the aryl group can be substituted with one of the functional
groups described above with respect to the alkyl group.

The term “aryloxy group™ refers to a univalent radical of
the form Ar—O— where Ar 1s the aryl group. At least one of
hydrogen atoms 1n the aryloxy group can be substituted with
one of the functional groups described above with respect to
the aryl group.

The term “heteroaryl group™ used herein indicates a
monovalent or bivalent, monocyclic or bicyclic aromatic
organic group including 1 to 20 carbon atoms and one or more
hetero atoms selected from the group consisting of nitrogen,
oxygen, phosphor, and sulfur. Examples of the heteroaryl
group are pyrazinyl, furanyl, thienyl, pyndyl, pyrimidinyl,
1sothiazolyl, oxazolyl, thiazolyl, triazolyl and 1,2,4-thiadia-
zolyl.

At least one of the hydrogen atoms 1n the heteroaryl group
can be substituted with the one of the functional groups
described above with respect to the alkyl group.

The term “heteroaryloxy” refers to a radical of the form
heteroaryl-O—. At least one of hydrogen atoms 1n the het-
eroaryloxy group can be substituted with the one of the func-
tional groups described above with respect to the aryl group.

The term “cycloalkyl group™ as used herein indicates a
non-aromatic cyclic group having 5 to 10 carbon atoms, such
as, for example, a cyclohexyl group. At least one of the
hydrogen atoms in the cycloalkyl group can be substituted
with one of the functional groups described above with
respect to the alkyl group.

The term “heterocyclic group” as used herein indicates a
cyclic group 1ncluding 5 to 10 carbon atoms and including
one or more hetero atoms such as nitrogen, sulfur, phosphor,
oxygen. At least one of the hydrogen atoms of the heterocy-
clic group can be substituted with one of the functional groups
described above with respect to the alkyl group.

An electrode for a fuel cell according to an embodiment of
the present invention includes a catalyst layer comprising a
polymer of a phosphorous containing benzoxazine-based
monomer that 1s a polymerization product of the phosphorous
containing benzoxazine-based monomer represented by For-
mula 1 or a polymerization product of the phosphorous con-
taining benzoxazine-based monomer and a crosslinkable
compound. The catalyst layer includes a catalyst.

The polymer of the phosphorous containing benzoxazine-
based monomer represented by Formula 1 1s used as a binder
of the electrode, and thus a conventional binder 1s not neces-
sary for the electrode.

The polymer of the phosphorous containing benzoxazine-
based monomer represented by Formula 1 improves the wet-
tability of phosphoric acid, and the amount of the polymer
may be 1n the range 01 0.1 to 65 parts by weight based on 100
parts by weight of the catalyst.

When the amount of the polymer 1s less than 0.1 parts by
weight, the wet state of the electrode 1s not suificiently
improved. On the other hand, when the amount of the poly-
mer 1s greater than 65 parts by weight, membrane forming
properties may be decreased.

As non-limiting examples, the catalyst may be Pt, a metal-
Pt alloy including Pt and at least one metal selected from the
group consisting ol Au, Pd, Rh, Ir, Ru, Sn, Mo, Co, and Cr, or
a mixture including Pt and at least one metal selected from the
group consisting of Au, Pd, Rh, Ir, Ru, Sn, Mo, Co, and Cr.

Alternatively, the catalyst may be a support catalyst 1n
which the catalyst metal 1s loaded on a carbonaceous support.
In particular, the catalyst may be a catalyst metal including at
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least one of Pt, PtCo, and PtRu, in which the catalyst metal 1s
loaded on a carbonaceous support.

The electrode may further include a binder. For example,
the binder may be any binder that 1s commonly used 1n the
preparation of an electrode for fuel cells.

As non-limiting examples, the binder may be at least one of
poly(vinylidenetluoride), polytetrafluoroethylene, a tet-
rafluoroethylene-hexatluoroethylene copolymer, and per-
fluoroethylene. The amount of the binder may be in the range
of 0.1 to 50 parts by weight based on 100 parts by weight of
the catalyst. When the amount of the binder 1s less than 0.1
parts by weight, adhesion force of the electrode may be
decreased and the catalyst layer may not be maintained. On
the other hand, when the amount of the binder 1s greater than
50 parts by weight, electrical resistance 1n the electrode may
be increased.

A method of preparing the electrode for a fuel cell will be

described.

First, a catalyst 1s dispersed 1n a solvent to prepare a dis-
persion. As non-limiting examples, the solvent may be N-me-
thylpyrrolidone (INMP), dimethylacetamide (DMACc), or the
like. The amount of the solvent may be 1n the range of 100 to
1000 parts by weight based on 100 parts by weight of the
catalyst.

A mixture of a phosphorous containing benzoxazine-based
monomer represented by Formula 1 and a solvent 1s added to
the dispersion and mixed while stirring. The mixture may
turther include a binder. The solvent may be N-methylpyr-
rolidone (NMP), dimethyl acetamide (DMAC), or the like.

An electrode 1s prepared by coating the mixture onto the
surface of a carbon support. Here, the carbon support may be
fixed on a glass substrate 1n order to facilitate coating. The
coating can be performed using a doctor blade, a bar coating,
a screen printing, or the like, but the coating method 1s not
limited thereto.

The coated mixture may be dried at a temperature in the
range of 20 to 150° C. to remove the solvent. The drying may
be performed for 10 to 60 minutes, but the drying time may
vary according to the drying temperature.

As described above, the electrode for a fuel cell includes a
polymer of the phosphorous containing benzoxazine-based
monomer represented by Formula 1 since the phosphorous
containing benzoxazine-based monomer represented by For-
mula 1 1s polymerized to form the polymer while the mixture
1s dried and/or while the fuel cell 1s operated. Meanwhile,
performance of the tuel cell may be maximized by optimizing,
materials used to form the electrolyte membrane and/or mate-
rials used to form the electrode.

An electrolyte membrane according to an embodiment of
the present ivention includes a polymer of a phosphorous
containing benzoxazine-based monomer that 1s a polymer-
1zation product of the phosphorous containing benzoxazine-
based monomer represented by Formula 1 or a polymeriza-
tion product of the phosphorous containing benzoxazine-
based monomer and a crosslinkable compound.

The phosphorous containing benzoxazine-based monomer
represented by Formula 1 has a structure including a —P—0
group that can maximize hydrogen bonds within and between
molecules. Thus, a polymer prepared using the phosphorous
containing benzoxazine-based monomer represented by For-
mula 1 can have high stiffness and excellent compatibility due
to having a structure similar to that of phosphoric acid.

The crosslinkable compound may be at least one of poly-
benzimidazole (PBI), a polybenzimidazole-base complex,
polybenzthiazole, polybenzoxazole and polyimide, but is not
limited thereto. The polybenzimidazole-base complex 1s dis-
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closed 1n Korean Patent Application No. 2007-102579 filed
by the mventors of the present invention.

According to an embodiment of the present invention, 1f
the crosslinkable compound 1s polybenzimidazole (PBI) or a
polybenzimidazole-base complex, the electrolyte membrane
may be a crosslinked product of a polybenzoxazine-based
compound which 1s prepared by curing a mixture of a ther-
mosetting resin of polybenzoxazine and a thermoplastic resin
of polybenzimidazole or a mixture of a thermosetting resin of
polybenzoxazine and a thermoplastic resin of a polybenzimi-
dazole-base complex.

Since the electrolyte membrane according to an embodi-
ment of the present invention 1s prepared as a crosslinked
product of a polybenzoxazine-based compound having high
thermal resistance, the electrolyte membrane has high
mechanical and chemical stability and excellent durability at
a high operating temperature, and thus has a long lifetime.

Heremaiter, a method of preparing the electrolyte mem-
brane according to an embodiment of the present invention
will be described. An electrolyte membrane formed using a
crosslinkable compound 1s described herein. However, when
an electrolyte membrane 1s prepared only using the phospho-
rous containing benzoxazine-based monomer represented by
Formula 1, the preparation process 1s the same as those
described herein, except that the crosslinkable compound 1s
not used.

First, a phosphorus-containing benzoxazine-based mono-
mer represented by Formula 1 1s blended with a crosslinkable
compound, as described above, and the mixture 1s cured at a
temperature 1n the range of 30 to 230° C., or more particu-
larly, 1n arange o1 80 to 220° C. The cured mixture 1s impreg-
nated with a proton conductor such as an acid to prepare an
clectrolyte membrane.

The amount of the crosslinkable compound may be in the
range ol 5 to 95 parts by weight based on 100 parts by weight
of the benzoxazine-based monomer of Formula 1. When the
amount of the crosslinkable compound 1s less than 5 parts by
weight, the proton conductivity may be decreased since phos-
phoric acid may not be impregnated. On the other hand, when
the amount of the crosslinkable compound 1s greater than 95
parts by weight, gas may permeate since the crosslinked
polybenzoxazines melt 1n a polyphosphoric acid in the pres-
ence of an excessive amount of phosphoric acid.

An electrolyte membrane 1s formed using a mixture of the
first benzoxazine-based monomer represented by Formula 1
and a crosslinkable compound.

The membrane can be formed using a tape casting method,
or a conventionally used coating method. An example of the
coating method can be a method of casting the mixture on a
support using a doctor blade. For example, the doctor blade
having a 250-500 um gap may be used. In forming the mem-
brane using the doctor blade method, the method may further
include removing the support by exfoliating the electrolyte
membrane from the support after the curing and before the
impregnation. In order to remove the support, the resultant
may be immersed 1n distilled water at a temperature in the
range of 60 to 80° C.

The support may be any material that can support the
clectrolyte membrane, such as, for example, a glass substrate,
polyimide film, and the like. The above-described actions to
remove the support are not necessary in the tape casting
method, since the tape cast membrane 1s easily separated
from a support material such as polyethylene terephthalate
used 1n tape casting and placed 1 an oven for curing.

In addition, when the membrane 1s formed using a mixture
of benzoxazine-based monomer and polybenzimidazole
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through a tape casting method, filtering the mixture may
turther be included in the method.

The prepared membrane 1s cured through heat treatment,
and impregnated with a proton conductor such as an acid to
form an electrolyte membrane.

The proton conductor may be a phosphoric acid, a C1-C20
organic phosphonic acid, or the like, but 1s not limited thereto.
The C1-C20 organic phosphonic acid may be ethyl phospho-
nic acid, methyl phosphonic acid, eftc.

The amount of the proton conductor may be 300 to 1000
parts by weight based on 100 parts by weight of the electro-
lyte membrane. For example, 85% by weight of an aqueous
phosphoric acid solution may be used at 80° C. for 2.5 to 14
hours to impregnate the electrolyte membrane, but the con-
centration of the acid 1s not limaited.

A method of preparing a fuel cell using the electrode
according to an embodiment of the present invention will be
described.

Any electrolyte membrane that 1s commonly used in the
preparation of tuel cells can be used herein. Alternatively, an
clectrolyte membrane including a polymer of a phosphorous
containing benzoxazine-based monomer which 1s a polymer-
ization product of a phosphorous containing benzoxazine-
based monomer represented by Formula 1 and a crosslinkable
compound, that 1s, a crosslinked product of a polybenzox-
azine-based compound as described above may be used.

In particular, performance of the fuel cell may be maxi-
mized by using the electrolyte membrane including the
crosslinked product of the polybenzoxazine-based com-
pound.

The electrolyte membrane that 1s commonly used 1n the
preparation of fuel cells may be a polybenzimidazole electro-
lyte membrane, a polybenzoxazine-polybenzimidazole
copolymer electrolyte membrane, a PIFE porous membrane,
or the like.

A membrane and electrode assembly for fuel cells accord-
ing to an embodiment of the present invention will be
described. Here, the “membrane and electrode assembly
(MEA)” indicates a structure in which electrodes each com-
posed of a catalyst layer and a diffusion layer are laminated on
respective sides of an electrolyte membrane.

The MEA according to aspects of the present invention
may be prepared by placing electrodes including the catalyst
layer on respective sides of the obtained electrolyte mem-
brane and assembling the electrodes and electrolyte mem-
brane at a high temperature under a high pressure, and then
applying a fuel diffusion layer.

The assembling may be performed at a temperature at
which the electrolyte membrane softens and at a pressure
under 0.1 to 3 ton/cm?, and preferably under about 1 ton/cm”.

Then, a bipolar plate i1s respectively installed into each
clectrode-membrane assembly to complete a fuel cell. The
bipolar plate has a fuel supply groove and a current collecting,
property.

The fuel cell may be a polymer electrolyte membrane fuel
cell (PEMFEC), but the fuel cell 1s not limited thereto.

According to an embodiment of the present imnvention, the
polymer of the phosphorous containing benzoxazine-based
monomer may be used for the preparation of an electrode and
an electrolyte membrane for a fuel cell. Power generation
performance of a fuel cell employing the electrode and the
clectrolyte membrane can be significantly improved.

Hereinafter, aspects of the present invention will be
described 1n greater detail with reference to the following
examples. The following examples are for illustrative pur-
poses only and are not mtended to limit the scope of the
ivention.
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Synthesis Example 1

Preparation of tPPO-34DFA Represented by
Formula 8

3.0 g (0.008 mol) of tris(4-hydroxyphenyl)phosphate, 1.68
g (0.053 mol) of p-formaldehyde and 3.41 g (0.026 mol) of
3.4-difluoroaniline were added to a 100 ml one-neck round-
bottom flask and mixed 1n an o1l bath at 90° C. When the
initially opaque mixture became a dark brown transparent gel
type material after about 30 minutes, the reaction was
quenched using tetrahydrofuran (THF), and then the mixture
was cooled to room temperature. The cooled crude product
was base-washed twice through a solvent extraction using a
1N NaOH aqueous solution, and washed once with deionized
water. Alter washing, the organic layer was dried with
MgSO, and filtered. The residual solution was dried using a
rotary evaporator to remove the solvent, and the purified

product was dried 1n a vacuum oven at 40° C. for 6 hours to
obtain tPPO-34DFA represented by Formula 8.

The structure of tPPO-34DFA was 1dentified by a nuclear
magnetic resonance (NMR) spectrum as shown 1n FIG. 4.

Synthesis Example 2
Preparation of dPPO-3AP Represented by Formula 9

10.0 g (0.028 mol) of bis(4-hydroxyphenyl)phenyl phos-

phate, 3.88 g (0.123 mol) of p-formaldehyde and 5.78 ¢

(0.061 mol) of 3-aminopyridine were added to a 100 ml
one-neck round-bottom tlask and mixed 1n an o1l bath at 90°
C. When the mitially opaque mixture became a dark brown
transparent gel type matenal after about 30 minutes, the reac-
tion was quenched using tetrahydrofuran (THF), and then the
mixture was cooled to room temperature. The cooled crude
product was base-washed twice through a solvent extraction
using a 1N NaOH aqueous solution, and washed once with
deionized water. After washing, the organic layer was dried
with MgSO, and filtered. The residual solution was dried
using a rotary evaporator to remove the solvent, and the
purified product was dried 1n a vacuum oven at 40° C. for 6
hours to obtain dPPO-3AP represented by Formula 9. The
structure of dPPO-3 AP was identified by a nuclear magnetic
resonance (NMR) spectrum as shown in FIG. 5.

Synthesis Example 3

Preparation of tPPO-246TFA Represented by
Formula 10

1.5 g (0.004 mol) of tris(4-hydroxyphenyl)phosphate, 0.84
g (0.0265 mol) of p-formaldehyde and 1.94 g (0.013 mol) of
2.4,6-trifluoroaniline were added to a 100 ml one-neck round-
bottom flask and mixed 1n an o1l bath at 90° C. When the
initially opaque mixture became a dark brown transparent gel
type material after about 30 minutes, the reaction was
quenched using tetrahydrofuran (THF), and then the mixture
was cooled to room temperature. The cooled crude product
was base-washed twice through a solvent extraction using a
1N NaOH aqueous solution, and washed once with deionized
water. Alter washing, the organic layer was dried with
MgSQO, and filtered. The residual solution was dried using a
rotary evaporator to remove the solvent, and the purified
product was dried in a vacuum oven at 40° C. for 6 hours to

obtain tPPO-246TFA represented by Formula 10.
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Synthesis Example 4

Preparation of m-PPO-34DFA Represented by
Formula 11

1.5 g (0.004 mol) of 4-hydroxyphenyl diphenyl phosphate,
0.305 g (0.01 mol) of p-formaldehyde and 0.62 g (0.005 mol)
of 3.4-difluoroaniline were added to a 100 ml one-neck
round-bottom flask and mixed 1n an o1l bath at 90° C. When
the mitially opaque mixture became a dark brown transparent
gel type material after about 30 minutes, the reaction was
quenched using tetrahydrofuran (THF), and then the mixture
was cooled to room temperature. The cooled crude product
was base-washed twice through a solvent extraction using a
1N NaOH aqueous solution, and washed once with detonized
water. After washing, the organic layer was dried with
MgSO, and filtered. The residual solution was dried using a
rotary evaporator to remove the solvent, and the purified

product was dried in a vacuum oven at 40° C. for 6 hours to
obtain m-PPO-34DFA represented by Formula 11.

Synthesis Example 5
Preparation of t-PPO-a Represented by Formula 12

10 g (0.02°7 mol) of tris(4-hydroxyphenyl)phosphate, 5.56
g (0.176 mol) of p-formaldehyde and 8.2 g (0.088 mol) of
aniline were added to a 250 ml one-neck round-bottom flask
and mixed 1n an o1l bath at 90° C. When the mitially opaque
mixture became a dark brown transparent gel type material
after about 30 minutes, the reaction was quenched using
tetrahydrofuran (THF), and then the mixture was cooled to
room temperature. The cooled crude product was base-
washed twice through a solvent extraction using a 1N NaOH
aqueous solution, and washed once with deionized water.
After washing, the organic layer was dried with MgSO,, and
filtered. The residual solution was dried using a rotary evapo-
rator to remove the solvent, and the purified product was dried
in a vacuum oven at 40° C. for 6 hours to obtain t-PPO-a
represented by Formula 12.

Synthesis Example 6

Preparation of d-PPO-4FA Represented by Formula
13

5 2(0.014 mol) of bis(4-hydroxyphenyl)phenyl phosphate,
1.94 g (0.061 mol) of p-formaldehyde and 3.45 g (0.031 mol)
of 3-fluoroaniline were added to a 100 ml one-neck round-
bottom flask and mixed in an o1l bath at 90° C. When the
initially opaque mixture became a dark brown transparent gel
type material after about 30 minutes, the reaction was
quenched using tetrahydrofuran (THF), and then the mixture
was cooled to room temperature. The cooled crude product
was base-washed twice through a solvent extraction using a
1N NaOH aqueous solution, and washed once with deionized
water. Aflter washing, the organic layer was dried with
MgSO, and filtered. The residual solution was dried using a
rotary evaporator to remove the solvent, and the purified

product was dried in a vacuum oven at 40° C. for 6 hours to
obtain dPPO-4FA represented by Formula 13.

Synthesis Example 7

Preparation of m-PPO-2AP Represented by Formula
14

5 g (0.0146 mol) of 4-hydroxyphenyl diphenyl phosphate,
1.012 g (0.032 mol) of p-formaldehyde and 1.515 g (0.016
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mol) of 2-aminopyridine were added to a 100 ml one-neck
round-bottom flask and mixed in an o1l bath at 90° C. When
the imitially opaque mixture became a dark brown transparent
gel type matenal after about 30 minutes, the reaction was
quenched using tetrahydrofuran (THF), and then the mixture
was cooled to room temperature. The cooled crude product
was base-washed twice through a solvent extraction using a
1N NaOH aqueous solution, and washed once with deionized
water. Alter washing, the organic layer was dried with
MgSO,, and filtered. The residual solution was dried using a
rotary evaporator to remove the solvent, and the purified
product was dried 1n a vacuum oven at 40° C. for 6 hours to
obtain m-PPO-2AP represented by Formula 14.

Synthesis Example 8

Preparation of a Polymer of t-PPO-a Represented By
Formula 12 and Polybenzimidazole

20 g of t-PPO-a represented by Formula 12, 10.8 g of
polybenzimidazole, and dimethyl acetamide (DMAc) were
blended, and the mixture was cured at about 220° C. to obtain
a polymer of t-PPO-a represented by Formula 12 and poly-
benzimidazole. The structure of the solid-phase polymer of
t-PPO-a represented by Formula 12 and polybenzimidazole
was 1dentified by a solid nuclear magnetic resonance (NMR)

spectrum, and the results are shown in F1G. 17. The NMR was
performed using a Varian Unity INOVA600 at 600 MHz.

Synthesis Example 9

Preparation of a Polymer m-PPO-2A Represented by
Formula 14 and Polybenzimidazole

A polymer of m-PPO-2A represented by Formula 14 and
polybenzimidazole was prepared in the same manner as in
Synthesis Example 8, except that m-PPO-2A represented by
Formula 14 was used 1nstead of t-PPO-a represented by For-
mula 12.

Retference Example 1

Preparation of t-BuPh-a

15 g (0.1 mol) of t-butylphenol, 6.31 g (0.21 mol) of

p-formaldehyde and 10.24 g (0.11 mol) of aniline were added
to a 100 ml one-neck round-bottom flask and mixed 1n an o1l

bath at 90° C. When the mitially opaque mixture became a
dark brown transparent gel type maternial after about 30 min-

utes, the reaction was quenched using tetrahydrofuran (THEF),
and then the mixture was cooled to room temperature. The
cooled crude product was base-washed twice through a sol-
vent extraction using a 1N NaOH aqueous solution, and
washed once with deionized water. After washing, the organic
layer was dried with MgSQO,, and filtered. The residual solu-
tion was dried using a rotary evaporator to remove the solvent,
and the purified product was dried in a vacuum oven at 40° C.
for 6 hours to obtain t-BuPh-a.

The structure of t-BuPh-a was identified by a nuclear mag-
netic resonance (NMR) spectrum as shown 1n FIG. 6.

Thermal stability of tPPO-34DFA and dPPO-3AP respec-
tively prepared according to Synthesis Examples 1 and 2 and
t-BuPh-a prepared according to Reference Example 1 was
measured by performing thermogravimetric analysis (TGA),
and the results are shown 1n FIG. 1. Thermal weight loss was
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measured at 800° C. i FIG. 1. Referring to FIG. 1, the
thermal stability o tPPO-34DFA and dPPO-3 AP was greater
than that of t-BuPh-a.

Example 1

Preparation of an Flectrode for a Fuel Cell and a
Fuel Cell Using the Electrode

To prepare the cathode, 1 g of a catalyst in which 50% by
weight of PtCo was loaded on carbon and 3 g of NMP as a
solvent were added to a container, and the mixture was agi-
tated using a mortar to prepare a slurry. A solution of 10% by
weight of tPPO-34DFA represented by Formula 8 prepared
according to Synthesis Example 3 and NMP was added to the
slurry and agitated to provide 0.025 g of the compound rep-
resented by Formula 8. Then, a solution of 3% by weight of
polyvinylidenefluoride and NMP was added to the mixture to
set the amount of the polyvinylidenetluoride to 0.025 g, and
the mixture was mixed for 10 minutes to prepare a slurry for
a cathode catalyst layer.

Carbon paper was cut into pieces of 4x7 cm” in size, and the
pieces were lixed on a glass plate and coated with the slurry
using a doctor blade (Sheen instrument), wherein the gap
interval of the doctor blade was 600 um.

The slurry for a cathode catalyst layer was coated onto the
carbon paper and dried at room temperature for 1 hour, at 80°
C. for 1 hour, at 120° C. for 30 minutes and at 150° C. for 15
minutes to prepare a cathode (a fuel electrode). The loading,
amount of Pt/Co in the prepared cathode was 3.0 mg/cm”.

To prepare the anode, 2 g of a catalyst in which 50% by
weight of Pt was loaded on carbon and 9 g of NMP solvent
were added to a container and the mixture was agitated in a
high-speed agitator for 2 minutes. Then, a solution of 0.05 g
of polyvinylidenefluoride dissolved in 1 g of NMP was added
thereto and agitated for 2 minutes to prepare a slurry for an
anode catalyst layer. The slurry was coated using a bar coater
onto carbon paper onto which a microporous layer had been
previously coated. The loading amount of Pt 1n the prepared
anode was 1.4 mg/cm”.

To prepare the electrolyte membrane, 60 parts by weight of
benzoxazine-based monomer A represented by the formula
below, 3 parts by weight of benzoxazine-based monomer B,
represented by the formula below, and 377 parts by weight of

polybenzimidazole were blended, and the mixture was cured
at about 220° C.

benzoxazine-based monomer A

5

10

15

20

25

30

35

40

45

50

55

60

65

26

-continued

-/

/

R,

"
O~

benzoxazine-based monomer B (R, 1s a phenyl group.)

C

C

Then, the resultant was impregnated with 85% by weight
of phosphoric acid at 80° C. for longer than 4 hours to prepare
the electrolyte membrane. The amount of phosphoric acid
was about 480 parts by weight based on 100 parts by weight
ol the electrolyte membrane.

The loading amount of Pt/Co 1n the prepared cathode was
about 2.33 mg/cm?, and the loading amount of Pt in the
prepared anode was 1.4 mg/cm®.

A membrane electrode assembly (MEA) was prepared by
interposing the electrolyte membrane between the cathode
and the anode. The cathode and anode were not impregnated
with phosphoric acid.

A 200 ym TEFLON membrane for a main gasket and a 20
um TEFLON membrane for a sub gasket were overlapped on
an intertace between the electrodes and electrolyte membrane
in order to prevent gas permeation between the cathode and
the anode. The pressure applied to the MEA was adjusted to
1,2, 3 N-m torque step by step using a wrench to assemble a
cell.

Characteristics of the fuel cell were measured while oper-
ating the fuel cell by supplying hydrogen to the anode at 100
ccm and supplying air to the cathode at 252 ccm at 150° C.
The electrolyte membrane was not hydrated. Since cell effi-
ciency increases with time when an electrolyte doped with
phosphoric acid 1s used, the final efficiency was measured
alter aging was performed until the operational voltage was
maximized. The area of the cathode and the anode was fixed
to 7.84 cm”® (2.8x2.8), the thickness of the cathode was about
430 um and the thickness of the anode was about 390 um,
although the thicknesses of the cathode and the anode varied
according to the distribution of the carbon paper.

Example 2

Preparation of an Electrode for a Fuel Cell and a
Fuel Cell Using the Electrode

A cathode and a tuel cell using the cathode were prepared
in the same manner as in Example 1, except that dPPO-3AP

represented by Formula 9 was used instead of tPPO-3A4DFA
represented by Formula 8 in the preparation of the cathode.

Example 3

Preparation of an Electrode for a Fuel Cell and a
Fuel Cell Using the Electrode

A cathode and a fuel cell using the cathode were prepared
in the same manner as 1n Example 1, except that tPPO-
246TFA represented by Formula 10 was used instead of
tPPO-3A4DFA represented by Formula 8 1n the preparation
of the cathode.
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Example 4

Preparation of an Electrode for a Fuel Cell and a
Fuel Cell Using the Electrode

A cathode and a fuel cell using the cathode were prepared
in the same manner as i Example 1, except that m-PPO-
34DFA represented by Formula 11 was used instead o tPPO-
3A4DFA represented by Formula 8 1n the preparation of the
cathode.

Comparative Example 1

Preparation of an Electrode for a Fuel Cell and a
Fuel Cell Using the Electrode

A cathode and a fuel cell using the cathode were prepared
in the same manner as in Example 1, except that tPPO-
3A4DFA represented by Formula 8 was not added in the
preparation of the cathode.

Voltage changes with time 1n fuel cells prepared according
to Example 2 and Comparative Example 1 were measured to
evaluate cell performance, and the results are shown 1n FIG. 2.
Referring to FIG. 2, the performance of the fuel cell according
to Example 2 was greater than that of the fuel cell according,
to Comparative Example 1.

In addition, cell voltage characteristics with respect to cur-
rent density were measured 1n a fuel cell prepared according,
to Example 2, and the results are shown 1n FI1G. 3. The d1, d3,
dS and d7 of FIG. 3 respectively indicate first day, third day,
fifth day and seventh day. Referring to FIG. 3, activation was
quickly increased until the third day and was completed on
the fifth day. Thus, 1t can be seen that the high performance of
tuel cells can be maintained with the passage of time.

Performance of fuel cells prepared according to Examples
1 to 4 and Comparative Example 1 was tested and the results
are shown 1n Table 1.

TABLE 1

Mass transfer Exchange

Voltage at overpotential current density

0.3 A/em? (V)  mnat 0.3 A/cm? (mV) (A/em?)
d-PPO-3AP 0.697 12 42 %107
(Example 2)
tPPO34DFA 0.692 16 7.1 x 107
(Example 1)
tPPO246TFA 0.689 18 7.1 x 107
(Example 3)
m-PPO-34DFA 0.683 16 6.9 x 107
(Example 4)
Comparative 0.678-0.692 20-22 3.8x 10™°~4.1 x 107
Example 1

Referring to Table 1, fuel cells of Examples 1 to 4 have
lower mass transfer overpotential and higher exchange cur-
rent density compared to the fuel cell of Comparative
Example 1

Thus, the oxygen permeability of fuel cells of Examples 1
to 4 1s higher than that of Comparative Example 1. Typically,
as oxygen permeability increases, mass transfer overpotential
decreases and exchange current density increases.

In addition, according to Table 1, Pt availability of fuel
cells of Examples 1 to 4 1s higher than that of Comparative
Example 1. This indicates that the amount of phosphoric acid
flowing into the electrode of Examples 1 to 4 1s larger than
that of Comparative Example 1.
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Meanwhile, thermal stability of t-PPO-a, d-PPO-4FA, a
polymer of m-PPO-2AP and polybenzimidazole, and a poly-
mer of t-PPO-a and polybenzimidazole was measured using
thermogravimetric analysis, and the results are shown 1n FIG.
7. The thermal weight loss was measured at 800° C. 1n FI1G. 7.
Referring to FIG. 7, t-PPO-a, d-PPO-4FA, a polymer of
m-PPO-2AP and polybenzimidazole, and a polymer of
t-PPO-a and polybenzimidazole had excellent thermal stabil-

1ty.

Example 5

Preparation of an Electrolyte Membrane for a Fuel
Cell and a Fuel Cell Using the Electrolyte Membrane

To prepare the cathode, 1 g of a catalyst 1n which 50% by
weight of PtCo 1s supported on carbon and 3 g of NMP as a
solvent were added to a container, and the mixture was agi-
tated using a mortar to prepare a slurry. A solution of 3% by
weight of tBuPh-4FA according to Synthesis Example 1 and
NMP was added to the slurry and stirred to provide 0.025 g of
tBuPh-4FA.

Then, a solution o1 3% by weight of polyvinylidenetluoride
and NMP was added to the mixture to set the amount of the
polyvinylidenefluoride to 0.025 g, and the mixture was mixed
for 10 minutes to prepare a slurry for a cathode catalyst layer.

Carbon paper was cut into pieces of 4x7 cm” in size, and the

pieces were lixed on a glass plate and coated with the slurry
using a doctor blade (Sheen instrument), wherein the gap
interval of the doctor blade was 600 um.
The slurry for a cathode catalyst layer was coated onto the
carbon paper and dried at room temperature for 1 hour, at 80°
C. for 1 hour, at 120° C. for 30 minutes and at 150° C. for 15
minutes to prepare a cathode (a fuel electrode). The amount of
loaded Pt/Co in the prepared cathode was 2.32 mg/cm®.

To prepare the anode, 2 g of a catalyst in which 50% by
weight of Pt was loaded on carbon and 9 g of NMP solvent

Pt availability
(o)

19

17.8
N/A
16.4

17.7

were added to a container, and the mixture was agitated 1n a
high-speed agitator for 2 minutes.

Then, a solution of 0.05 g of polyvinylidenefluoride dis-
solved 1n 1 g of NMP was added thereto and agitated for 2
minutes to prepare a slurry for an anode catalyst layer. The
slurry was coated using a bar coater onto carbon paper onto
which a microporous layer had been previously coated. The
amount of loaded Pt in the prepared anode was 1.44 mg/cm?.

To prepare the electrolyte membrane, 65 parts by weight of
t-PPO-arepresented by Formula 13 and prepared in Synthesis
Example 5 was blended with 335 parts by weight of polyben-
zimidazole (PBI), and the mixture was cured at about 220° C.
Then, the resultant was impregnated with 85% by weight of
phosphoric acid at 80° C. for longer than 4 hours to prepare an



US 8,192,892 B2

29

clectrolyte membrane. The amount of phosphoric acid was
about 530 parts by weight based on 100 parts by weight of the
clectrolyte membrane.

A membrane electrode assembly (MEA) was prepared by
interposing the electrolyte membrane between the cathode
and the anode. The cathode and anode were not impregnated
with phosphoric acid.

A 200 um thick TEFLON membrane for a main gasket and
a 20 um thuick TEFLON membrane for a sub gasket were
overlapped on an interface between the electrodes and elec-
trolyte membrane in order to prevent gas permeation between
the cathode and the anode. The pressure applied to the MEA
was adjusted to 1, 2, 3 N-m torque step by step using a wrench
to assemble a cell.

Characteristics of the fuel cell were measured while oper-
ating the fuel cell at 150° C. by supplying hydrogen to the
anode at 100 ccm and supplying air to the cathode at 250 ccm.
The electrolyte membrane was not hydrated. Since cell effi-
ciency increases with time when using an electrolyte doped
with phosphoric acid, the final efficiency was measured after

the tuel cell was aged until the operational voltage was maxi-
mized. The area of the cathode and the anode was fixed to 7.84

cm” (2.8x2.8). The thickness of the cathode was about 430

um, and the thickness of the anode was about 390 um,
although the thicknesses of the cathode and the anode varied

according to the distribution of the carbon paper.

Example 6

Preparation of an Electrolyte Membrane for a Fuel
Cell and a Fuel Cell Using the Electrolyte Membrane

An electrolyte membrane for a fuel cell and a fuel cell were
prepared 1n the same manner as 1n Example 5, except that
d-PPO-4FA represented by Formula 14 was used 1nstead of
t-PPO-a represented by Formula 13 1n the preparation of the
clectrolyte membrane.

Example 7

Preparation of an Electrolyte Membrane for a Fuel
Cell and a Fuel Cell Using the Electrolyte Membrane

An electrolyte membrane for a fuel cell and a fuel cell were
prepared in the same manner as in Example 5, except that
m-PPO-2AP represented by Formula 15 was used instead of
t-PPO-a represented by Formula 13 1n the preparation of the
clectrolyte membrane.

Conductivity according to temperature was measured in
clectrolyte membranes prepared according to Examples 5 to
7, and the results are shown 1n FIG. 8.

Referring to FIG. 8, the electrolyte membranes prepared
according to Examples S5 to 7 had greater conductivity than
the electrolyte membrane prepared using PBI.

Example 8

Preparation of an Electrolyte Membrane for a Fuel
Cell and a Fuel Cell Using the Electrolyte Membrane

An electrolyte membrane for a fuel cell and a fuel cell were
prepared in the same manner as in Example 5, except that
t-PPO-34DFA represented by Formula 9 was used instead of
t-PPO-a represented by Formula 13 1n the preparation of the
clectrolyte membrane.

Cell voltage characteristics with respect to current density
were measured 1n fuel cells prepared according to Examples
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5 to 8, and the results are shown 1n FIGS. 9 and 12. In FIG. 9,
d0 indicates voltage according to current density measured

right after the fuel cell was assembled. The d2, d4, and dé6
respectively indicate, second day, fourth day, and sixth day.
As shown 1n FIG. 9, the fuel cells prepared according to
Examples 5 to 8 had excellent cell voltage characteristics.

Cell voltage over time was measured 1n the fuel cell pre-
pared according to Example 35, and the results are shown in
FIG.13.InFIG. 13, “® OCV” denotes an open circuit voltage
(OCV), and “A0.2 A/cm®” denotes a cell voltage at a current
density of 0.2 A/cm”. Referring to FIG. 13, the fuel cell
prepared according to Example 5 did not show voltage drop
tor 4500 hours.

Accelerated lifetime characteristics of the fuel cell pre-
pared according to Example 5 were evaluated, and the results
are shown 1n FIG. 14. In this regard, the accelerated lifetime
was measured by cycling current from 0 to 1 A/cm?® once an
hour. The accelerated lifetime of the fuel cell was compared
with the accelerated lifetime of a fuel cell prepared using PBI
clectrolyte membrane as shown in FIG. 15. The cathode and
anode of the fuel cell having the PBI membrane were pre-
pared 1n the same manner as in Example 5 using PBI as the
clectrolyte membrane.

Referring to FIGS. 14 and 15, the fuel cell prepared 1n
Example 5 had significantly improved accelerated hifetime
when compared with the fuel cell prepared using the PBI
clectrolyte membrane.

Example 9
Preparation of a Fuel Cell

To prepare the cathode, 1 g of a catalyst in which 50% by
weight of PtCo was loaded on carbon and 3 g of NMP as a
solvent were added to a container, and the mixture was agi-
tated using a mortar to prepare a slurry. A solution of 10% by
weilght of a solution of t-PPO-a represented by Formula 12
and NMP was added to the slurry and agitated to provide
0.025 g of the compound represented by Formula 12.

Then, a solution of 5% by weight of polyvinylidenetluoride
and NMP was added to the mixture to set the amount of the
polyvinylidenefluoride to 0.025 g, and the mixture was mixed
for 10 minutes to prepare a slurry for a cathode catalyst layer.

Carbon paper was cut into pieces of 4x7 cm” in size, and the

pieces were lixed on a glass plate and coated with the slurry
using a doctor blade (Sheen instrument), wherein the gap
interval of the doctor blade was 600 um.
The slurry for a cathode catalyst layer was coated onto the
carbon paper and dried at room temperature for 1 hour, at 80°
C. for 1 hour, at 120° C. for 30 minutes and at 150° C. for 15
minutes to prepare a cathode (a fuel electrode). The amount of
loaded Pt/Co in the prepared cathode was 2.1 mg/cm?.

To prepare the anode, 2 g of a catalyst in which 50% by
weight of Ptis loaded on carbon and 9 g of NMP solvent were
added to a container and the mixture was agitated in a high-
speed agitator for 2 minutes. Then, a solution of 0.05 g of
polyvinylidenefluoride dissolved 1n 1 g of NMP was added
thereto and agitated for 2 minutes to prepare a slurry for an
anode catalyst layer. The slurry was coated using a bar coater
onto carbon paper onto which microporous layer had been
previously coated. The amount of loaded Pt in the prepared
anode was 1.34 mg/cm”.

To prepare the electrolyte membrane, 65 parts by weight of
d-PPO-4FA represented by Formula 13 was blended with 35
parts by weight of PBI, and the mixture was cured at about
220° C. Then, the resultant was impregnated with 85% by
weilght of phosphoric acid at 80° C. for longer than 4 hours to
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prepare an electrolyte membrane. The amount of phosphoric
acid was about 472 parts by weight based on 100 parts by
weight of electrolyte membrane.

A membrane electrode assembly (MEA) was prepared by
interposing the electrolyte membrane between the cathode
and the anode. The cathode and anode were not impregnated
with phosphoric acid.

A 200 um thick TEFLON membrane for a main gasket and
a 20 um thick TEFLON membrane for a sub gasket were
overlapped on an interface between the electrodes and elec-
trolyte membrane in order to prevent gas permeation between
the cathode and the anode. The pressure applied to the MEA
was adjusted to 1, 2, 3 N-m torque step by step using a wrench
to assemble a cell.

Characteristics of the fuel cell were measured while oper-
ating the fuel cell at 150° C. by supplying hydrogen to the
anode at 100 ccm and supplying air to the cathode at 250 ccm.
The electrolyte membrane was not hydrated. Since cell effi-
ciency increases with time when using an electrolyte doped
with phosphoric acid, the final efficiency was measured after
the tuel cell was aged until operational voltage was maxi-
mized. The area of the cathode and the anode was fixed to 7.84
cm® (2.8%2.8). The thickness of the cathode was about 430
um, and the thickness of the anode was about 390 um,
although the thicknesses of the cathode and the anode varied
according to the distribution of the carbon paper.

Comparative Example 2

Preparation of a Fuel Cell

A fuel cell was prepared 1n the same manner as 1n Example
9, except that polybenzimidazole (PBI) was used as the elec-
trolyte membrane instead of t-PPO-a represented by Formula
12 1n the preparation of the cathode.

Cell voltage characteristics with respect to current density
of fuel cells prepared 1 Example 9 and Comparative
Example 2 were measured, and the results are shown 1n FIG.
16.

Referring to FIG. 16, performance of the MEA prepared in
Example 9 was improved compared with that of the MEA
prepared in Comparative Example 2.

Although a few embodiments of the present invention have
been shown and described, 1t would be appreciated by those
skilled 1n the art that changes may be made in this embodi-
ment without departing from the principles and spirit of the
invention, the scope of which 1s defined 1n the claims and their
equivalents.

What 1s claimed 1s:

1. A phosphorous containing benzoxazine-based monomer
represented by Formula 4:

Formula 4

R,O0—P—OR,

wherein R, and R are each a C6-C10 aryl group, and
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R, 1n Formula 4 1s selected from the groups represented by
the formulae below;

Ck3,

-O- =0
=0 -0

\_/>N’ _<\?

2. The phosphorous contaiming benzoxazine-based mono-
mer of claim 1, which 1s a compound represented by Formula

7
Formula 7
O
< > | < >

O—P—0O

= ‘

AN
O N
~o \RB

wherein R, 1s selected from the groups represented by the
formulae below;

Ch3,

-0
-0~
00

~r
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3. The phosphorous containing benzoxazine-based mono-
mer of claim 1, selected from the group consisting of com-
pounds represented by Formulae 8, 10, and 11:

Formula 8 10

F
F
N 15
< 0
O O—P'—O—<j%:0>
N
Q,F 20
OVN :
QF
F 25
Formula 9 3
.--""""N
N 35
< 0
|
O O—P—0O O>
N 40
N
/ N
#_..--"""
45
Formula 10
50
E
F
N
55
F < (|:|)
O O—P—0O O
>
N
60
F F
O\./'N .
F
65
F
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-continued

e

Formula 11

Formula 12

Q
Ve 74@ /

@

N O
C'/: ~_"
Formula 13

o 4 N/©/F
o 5 %

O

Formula 14

—O

O—m=0

@

T O
N

4. A polymer that 1s a polymerization product of a phos-
phorous containing benzoxazine-based monomer according
to claam 1 or a polymerization product of a phosphorous
containing benzoxazine-based monomer according to claim 1
and a crosslinkable compound.

5. The polymer of claim 4, wherein the crosslinkable com-
pound 1s at least one compound selected from the group
consisting of polybenzimidazole (PBI), a polybenzimida-
zole-base complex, polybenzthiazole, polybenzoxazole, and
polyimide.
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6. The polymer of claim 4, wherein the amount of the
crosslinkable compound 1s 1n the range of 5 to 95 parts by
weight based on 100 parts by weight of the phosphorous
containing benzoxazine-based monomer.
7. A polymer that 1s a polymerization product of a phos-
phorous containing benzoxazine-based monomer according,
to claim 2 or a polymerization product of a phosphorous
containing benzoxazine-based monomer according to claim 4
and a crosslinkable compound.
8. A polymer that 1s a polymerization product of a phos-
phorous containing benzoxazine-based monomer according,
to claam 3 or a polymerization product of a phosphorous
containing benzoxazine-based monomer according to claim 3
and a crosslinkable compound.
9. An electrode for a fuel cell comprising a catalyst layer
comprising the polymer of claim 4.
10. The electrode of claim 9, wherein the catalyst layer
comprises a catalyst.
11. The electrode of claim 10, wherein the amount of the
polymer 1s 1n the range of 0.1 to 65 parts by weight based on
100 parts by weight of the catalyst.
12. The electrode of claim 10, wherein the catalyst 1s:
Pt;
ametal-Pt alloy including Pt and at least one metal selected
from the group consisting of Au, Pd, Rh, Ir, Ru, Sn, Mo,
Co, and Cr; or

a mixture including Pt and at least one metal selected from
the group consisting of Au, Pd, Rh, Ir, Ru, Sn, Mo, Co,
and Cr.
13. The electrode of claim 10, wherein the catalyst 1s a
catalyst metal or a support catalyst in which the catalyst metal
1s loaded on a carbonaceous support,
wherein the catalyst metal 1s:
Pt;
ametal-Pt alloy including Pt and at least one metal selected
from the group consisting of Au, Pd, Rh, Ir, Ru, Sn, Mo,
Co, and Cr; or

a mixture including Pt and at least one metal selected from
the group consisting of Au, Pd, Rh, Ir, Ru, Sn, Mo, Co,
and Cr.

14. The electrode of claim 9, wherein the catalyst layer
turther comprises at least one proton conductor selected from
the group consisting of a phosphoric acid and a C1-C20
organic phosphonic acid.

15. The electrode of claim 9, further comprising at least one
binder selected from the group consisting of poly(vinylidene
fluoride), polytetrafluoroethylene (PTFE), a tetrafluoroethyl-
ene-hexatluoroethylene copolymer, fluorinated ethylene pro-
pylene (FEP), styrene butadiene rubber (SBR) and polyure-
thane.

16. The electrode of claim 9, wherein the catalyst layer
turther comprises a catalyst and a binder,

wherein the binder 1s at least one selected from the group

consisting of poly(vinylidene tfluoride), polytetratluoro-
cthylene (PTFE), a tetrafluoroethylene-hexatluoroeth-
ylene copolymer, fluorinated ethylene propylene (FEP),
styrene butadiene rubber (SBR) and polyurethane, and
the amount of the binder 1s in the range of 0.1 to 50 parts by
weight based on 100 parts by weight of the catalyst.
17. An electrode of a fuel cell comprising a catalyst layer

comprising a catalyst and a binder and a polymer that 1s a
polymerization product of a phosphorous containing benzox-
azine-based monomer selected from the group consisting of
compounds represented by Formulae 8, 10, and 11:
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Formula 8
F
F
N
< ;
O O—P—0 O>
N
QF
OVN -
QF
E
Formula 10
F
F
N
B i
O O—P—0O O
)
N
F F
O N
v 0
F
F
Formula 11
I
/ ‘
N
O N
\/
F

18. An electrolyte membrane for a fuel cell comprising the
polymer of claim 4.

19. The electrolyte membrane of claim 18, further com-
prising at least one proton conductor selected from the group
consisting of a phosphoric acid and a C1-C20 organic phos-
phonic acid.

20. An electrolyte membrane for a fuel cell comprising a
polymer that 1s a polymerization product of a crosslinkable
compound selected from the group consisting of polybenz-
imidazole (PBI), a polybenzimidazole-base complex, poly-
benzthiazole, polybenzoxazole, and polyimide and a phos-
phorous containing benzoxazine-based monomer selected

from the group consisting of compounds represented by For-
mulae &, 10, and 11:
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wherein at least one of the cathode and the anode comprises

Formula 8 a catalyst layer comprising the polymer according to
claim 4 and a catalyst.

22. The fuel cell of claim 21, wherein the electrolyte mem-

5 brane comprises a polymer that1s a polymerization product of

a phosphorous containing benzoxazine-based monomer rep-

resented by Formula 1 or a polymerization product of a phos-

phorous containing benzoxazine-based monomer repre-

N
O
<0:2:\> o g o 0 sented by Formula 1 and a crosslinkable compound:
— > 10
r

Formula 1
O
F
R ‘Il R
- 7/ I
O\/'N .
F =
Formula 10
20 XN
E
O N
.
\./ R3

F
< /7 \ (l? 25 wherein R, and R are each a C6-C10 aryl group, and
O O—=F—0 C R, 1n Formula 1 1s selected trom the groups represented by

> . the formulae below.
N
BT 30 /CF3,
OVN

Formula 11

N _/
% <500

N 45

\/Q =)

50

23. A fuel cell comprising:

a cathode;

an anode; and

the electrolyte membrane according to claim 18 interposed
between the cathode and the anode.

21. A fuel cell comprising:

a cathode;

an anode; and

an electrolyte membrane interposed between the cathode °°
and the anode, ¥ % % ok ok
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In the Claims
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